RasGAP (Ras GTPase-activating protein) is a negative regulator as well as a downstream effector of Ras. To identify partners of RasGAP we used it as the bait in a yeast two-hybrid screen. This resulted in discovering its interaction with Akt. Overexpression of RasGAP or a mutant lacking the GTPase-activating domain (nGAP) enhanced phosphorylation and activity of Akt, which was dependent on the upstream integrin-linked kinase. Also, nGAP protected the cells against staurosporin-induced apoptosis through an Akt-dependent pathway. To determine the role of RasGAP in receptor-mediated activation of Akt, we used short hairpin RNA interference to knock out endogenous RasGAP expression. Although this procedure resulted in enhanced Ras activity, it inhibited Akt phosphorylation. Thus, we propose that Ras-GAP interacts with Akt and is necessary for its activation, possibly via integrin-linked kinase-mediated phosphorylation of Ser-473. The data suggest that this effect is independent of Ras activity.
The C-terminal catalytic domain of RasGAP 1 (Ras GTPaseactivating protein) (amino acids 701-1044) interacts with the effector domain of Ras-GTP (1), resulting in activation of its intrinsic GTPase activity and subsequent termination of its downstream signaling. On the other hand, the N-terminal twothirds of RasGAP (nGAP) consists of multiple domains, including hydrophobic src homology 3 (SH3)-binding, phosphotyrosine-binding src homology 2 (SH2), proline-binding src homology 3 (SH3), conserved region 2, and phospholipid-binding pleckstrin homology (PH) domains. In the presence of apoptotic insults, the C-terminal catalytic domain is cleaved off. The remainder of the molecule (nGAP) confers protection to the cells from apoptosis (2) . We have also demonstrated that Ras-GAP has a dominant effector function in cardiac versus epithelial cells (3) and that it induced hypertrophy of cardiac myocyte, via an as-yet unknown pathway (4) .
Evidence suggesting that RasGAP plays a role in the antiapoptotic pathway comes from the RasGAP knock-out mouse model. The mice were smaller than the wild type littermates (5) and died at E9.5 from what appeared to be extensive vascular system defects accompanied by widespread apoptosis in the brachial arch, hindbrain, optic stalk, and telencephalon. More direct evidence is seen when an injected antibody against the SH3 domain of RasGAP induces apoptosis in several cancerous cell lines (6) . Furthermore, RasGAP has been suggested to function as a sensor for caspase activity that determines the fate of the cell (2) . When caspase-9 is moderately activated, RasGAP is cleaved into two fragments; the N-terminal fragment displays anti-apoptotic effects. Upon severe apoptotic stimuli, the N-terminal fragment of RasGAP is further cleaved, and the products potentiate apoptosis.
Akt, which is a serine and threonine kinase, is recognized for its role in protection of the cell from programmed death (reviewed in Ref. 7) . It also induces protein synthesis and cellular hypertrophy that has been reported not only in cardiac (8, 9) and skeletal muscle (10) but also in pancreatic ␤ cells (11) . These two functions are not mutually exclusive because they may have a common mediator, eIF4E (12) . Akt is activated via a 3-step process (13) . First, the kinase is constitutively phosphorylated on Ser-124 and Thr-450 in a PH-dependent, growth factor-independent fashion. Second, the kinase is recruited to the membrane via binding of its PH domain to phospholipids in a phosphatidylinositol-3-kinase-dependent mechanism. Third, the kinase is phosphorylated on Thr-308 and Ser-473 in a growth factor-dependent manner. The kinase phosphorylating the latter two sites has been identified as phospholipid-dependent kinase-1 alone or in collaboration with PRK2 (14) , respectively. In addition, it has been reported that ILK also phosphorylates Ser-473. It is thought that the binding of the PH domain of Akt to phospholipid is not only important for membrane translocation but also induces a conformational change in Akt that enhances its phosphorylation.
Our results provide evidence that RasGAP interacts with the PH domain of Akt and is required for its activation. This effect seems to be mediated through an ILK-dependent phosphorylation of Ser-473 and is independent of Ras activity.
EXPERIMENTAL PROCEDURES
cDNA Library Construction and Screening Using the Yeast Twohybrid System-Messenger RNA from 1-2-day-old neonatal rat hearts was extracted using the Oligotex mRNA isolation kit (Qiagen). The mRNA was reverse-transcribed and subcloned into the EcoRI site of pGAD10 vector, upstream of the activation domain of GAL4. Methods and ingredients used were as provided with the yeast two-hybrid library construction kit from BD Biosciences. The library consisted of ϳ2 ϫ 10 6 independent clones with cDNA inserts that ranged in size from 0.5-4 kb.
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This was followed by transfection of the library cDNA and plating of the transformants on tryptophane-, leucine-, and histidine-deficient plates plus 3-aminotriazol (ϪTrp, ϪLeu, ϪHisϩ3AT), for selection of positive interactions between the "bait" and its targets. Histidine-positive clones were also tested for lacZ expression, using a colorimetric filter assay as described in the BD Biosciences manual. The library cDNA plasmid was isolated and then reintroduced into the yeast with the bait or control constructs to reconfirm the interaction before sequencing the insert.
Culturing Cardiac Myocyte and Adenovirus Infection-Cardiac myocytes were prepared as previously described (15) . Briefly, hearts were isolated from 1-2-day-old Sprague-Dawley rats. After dissociation the cells were subjected to Percoll gradient centrifugation followed by differential preplating to enrich for cardiac myocytes and deplete nonmyocytes. Cells were then plated in Dulbecco's modified Eagle's medium/Ham F12 with 10% fetal calf serum at a density of 0.5-1 ϫ 10 5 cells/cm 2 . 24 h after plating, serum was removed and the cells were infected with recombinant adenoviruses at a multiplicity of infection (m.o.i.) of 5-20 particles/cell. These cells were analyzed for viral effects 20 -24 h after infection unless otherwise indicated. For cells infected with shRNA-expressing virus, the cells were harvested after 48 h to allow enough time for depletion of endogenous RasGAP.
Construction of Adenoviruses-Recombinant adenoviruses were constructed, propagated, and titered as previously described by Graham and Prevec (16) . Briefly, pBHGlox⌬E1,3Cre (Microbix), including the ⌬E1 adenoviral genome, was co-transfected with the pDC shuttle vector containing the gene of interest into 293 cells using LipofectAMINE (Invitrogen). Through homologous recombination, the test genes were integrated into the E1-deleted adenoviral genome. The viruses were propagated on 293 cells and purified using CsCl 2 banding followed by dialysis against 20 mM Tris-buffered saline with 2% glycerol. Titering was performed on 293 cells overlaid with Dulbecco's modified Eagle's medium plus 5% equine serum and 0.5% agarose.
The following cDNAs were constructed and introduced into adenoviruses. Full-length RasGAP cDNA was kindly provided by Dr. C. Der. Deletion mutants of that cDNA, including nGAP (amino acids 1-666) and ⌬nGAP, which has a deletion of amino acids 1-157, were generated by PCR. The cDNA of wild type (wt) Akt and its dominant negative mutant were purchased from Upstate Biotechnologies Inc. The T308A and S473A mutations and the ⌬PH deletion were then introduced by a two-step PCR in the wt background. Wild type ILK and ILK211A cDNA were purchased from Upstate Biotechnologies Inc.
Assay of Akt Activity-For the Akt assay the cells were lysed in 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, and 0.5% NP-50, 1 mM ␤-glycerophosphate, 2.5 mM Na pyrophosphate, 1 mM Na 3 VO 4 , and protease inhibitors mixture. The assay was performed using a kit from Cell Signaling Technologies according to the manufacturer's protocol. Briefly, 100 g of protein was incubated rocking with agarose-linked anti-Akt or anti-His antibodies for 2 h at 4°C. The beads were then washed twice and resuspended with 40 l of kinase assay buffer consisting of 25 mM Tris (pH 7.5), 5 mM ␤-glycerophosphate, 2 mM dithiothreitol, 0.1 mM Na 3 VO 4 , 10 mM MgCl 2 , 200 M ATP, and 1 g of glycogen synthase kinase-3 fusion protein for 30 min at 30°C. The assay was stopped using sample buffer and boiled before analyzing by Western blotting using anti-phospho GSK-3 antibody.
TUNEL Assay-The cells were fixed in 3% paraformaldehyde/0.3% Tween in phosphate-buffered saline at 25°C for 5 min followed by 3% paraformaldehyde in phosphate-buffered saline at 25°C for 20 min. The TUNEL reaction was performed using a kit from BD Biosciences according to the recommended protocol. Briefly, cells were incubated in 200 mM cacodylate (pH 6.6), 25 mM Tris (pH 6.6), 0.2 mM dithiothreitol, 0.25 mg/ml bovine serum albumin, and 2.5 mM cobalt chloride equilibration buffer with fluorescein-dUTP and terminal deoxynucleotidyltransferase at 37°C for 1 h. The reaction was terminated by 2ϫ SSC, and the nuclei were stained with Hoechst before imaging.
Determining Mitochondrial Membrane Integrity-Myocytes were plated on glass chamber slides. Cells were then infected with the indicated viruses for 24 h in serum-free medium. Five g of Mitosensor (BD Biosciences) was added to live cells and incubated for 15 min before imaging. The Mitosensor reflects uptake by the mitochondria when it forms red aggregates or remains in the cytoplasm and emits green florescence upon mitochondrial damage.
Construction of Short Hairpin RNA (shRNA) Adenoviral Expression Vectors-pSilencer 1.0-U6 expression vector was purchased from Ambion. The U6 RNA polymerase III promoter and the polycloning region were subcloned into the adenoviral shuttle vector pDC311 (Microbix).
The hairpin-forming oligo, corresponding to bases 2315-2336 (5Ј-AAGATGAAGCCACTACCCTATTTCAAGAGAATAGGGTAGTGGCT-TCATCTTTTTTTT) of the rat RasGAP cDNA (GenBank™ accession number NM_013135), and its antisense with ApaI and Hind III overhangs were synthesized, annealed, and subcloned distal to the U6 promoter. The loop sequence is underlined. A recombinant adenovirus was generated using homologous recombination in 293 as described above. A mutant oligo including six mismatch mutations (in bold) was also generated for use as a control (5Ј-AAGACAAAGTTACTAAAC-TATTTCAAGAGAATAGTTTAGTAACTTTGTCTTTTTTTT).
Cell Fractionation, Immunoprecipitation, and Western Blotting-For cell fractionation, myocytes were homogenized in hypotonic buffer (10 mM Tris-HCl, pH 7.5, 1.0 mM MgCl 2 , plus protease inhibitor mixture; Roche Applied Science), using Dounce homogenizer. The lysate was spun at 500 ϫ g for 5 min to remove nuclei and intact cells. The resultant supernatant was transferred to a polycarbonate ultracentrifuge tube and spun at 100,000 ϫ g for 90 min at 4°C. The supernatant from this step, representing the cytosolic fraction, was separated, and the remaining pellet including surface and endoplasmic membranes was resuspended in RIPA buffer.
For immunoprecipitation studies, a buffer containing 20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40 was used to lyse the cells or dilute recombinant proteins. The samples consisting of either 200 g of total cellular protein or 0.1 g of recombinant protein were then incubated with the indicated antibody in the presence of protein A/G-agarose for 2 h at 4°C, rocking. The beads were then washed three times with the above buffer and the proteins released using 50 l of 2ϫ sample buffer at 95°C. 20 l of the final sample was analyzed on a 4 -15% gradient SDS-PAGE followed by blotting on a nitrocellulose membrane. The primary and secondary antibody incubation buffer consisted of 20 mM Tris-HCl (pH 7.5), 138 mM NaCl, 0.1% Tween 20, 5% bovine serum albumin.
The antibodies used include anti-RasGAP and anti-ILK (Upstate Biotechnologies); anti-C-terminal RasGAP (Alexis Biochemicals); antiHis (Sigma); anti-Akt, anti-phospho-Akt (Thr-308), anti-phospho-Akt Assay of Ras Activity-Ras activity was assayed by measuring its GTP-bound fraction. This was accomplished using agarose-bound Raf-1 Ras-binding domain (Upstate Biotechnologies) as described by the manufacturer.
RESULTS

RasGAP Interacts with the PH Domain of Akt-To identify
proteins that physically associate with RasGAP in the heart, we used its nGAP fused to Gal4 DNA binding domain (Gal4 DB) as bait in the yeast two-hybrid screen of a rat neonatal heart cDNA library. This fragment included the N-terminal SH2-SH3-SH2 and the pleckstrin homology domains. As a result we identified the PH domain of Akt as a target that interacted with nGAP, but not p85 phosphatidylinositol-3 kinase, which also contains SH2-SH3 domains, or the GAL4 DB region (not shown). These results were confirmed in vitro by co-immunoprecipitation of a GST fusion protein of the SH3-SH2-SH3 domains of RasGAP (Fig. 1A, lanes 1 and 2) , but not GST alone (lanes 3 and 4) , with unphosphorylated or phosphorylated Akt-His using agarose-linked anti-His, thus proving a direct interaction between the two molecules. Conversely, a GST fusion of the PH domain of Akt, but not GST alone, co-immunoprecipitated with nGAP-His (lanes 5 and 6), establishing the PH domain as the site of interaction. Eventually, we were able to confirm co-immunoprecipitation of the endogenous proteins using an antibody against the C-terminal catalytic domain of RasGAP (Fig. 1B) . 200 g of cell homogenate was used for immunoprecipitation, of which half was loaded on the gel represented in Fig. 1B , and 20 g of total cell lysate was loaded for estimating immunoprecipitation efficiency. In this experiment, ϳ35% of total RasGAP was immunoprecipitated and ϳ38% of Akt was co-immunoprecipitated. Thus, the stoichiometry of the interaction calculated from the relative detectable levels of RasGAP:Akt is ϳ1:1.3. It should be emphasized though that this estimate is inaccurate until it is normalized to the relative affinities of the corresponding antibodies, which are unknown, and thus may not faithfully represent the endogenous stoichiometry between the two proteins. We also show that RasGAP does not interact with ␤-spectrin, which similarly contains a PH domain, thus suggesting specificity to the PH domain of Akt.
RasGAP Enhances Ser-473 Phosphorylation of Akt and Activity through an ILK-dependent Mechanism-Recently, Yang and Widmann (17) reported that overexpression of the N-terminal domain of RasGAP enhanced Akt activity. We observed similar results when nGAP was expressed in cardiac myocytes in a dose-dependent manner (Fig. 2) . This effect was lost upon deletion of the N-terminal region, including the N-terminal SH2 domain . But activation of Akt by nGAP was much weaker (2.5ϫ) compared with activation by FBS (7ϫ) (Fig. 3B) and was accompanied by phosphorylation of Ser-473 and, less significantly, Thr-308 (Fig. 3A) . Thus, to determine the relative importance of these phospho-amino acids in activating the kinase, we generated alanine-substitution mutants of either. The results show that although the S473A mutant was phosphorylated on Thr-308, nGAP or FBS-induced activity was completely abolished (Fig. 3A) . On the other hand, mutation of Thr-308 reduced FBS-(2.5ϫ) but not nGAP-induced activity (2.5ϫ). The results suggest that nGAP preferentially enhances Ser-473 phosphorylation, which alone can partially activate Akt. In contrast, phospho-Thr-308 does not have the capacity to independently activate Akt.
Whereas phospholipid-dependent kinase-1 is involved in phosphorylation of Thr-308, ILK has been shown to phosphorylate Ser-473 (18) . Therefore, we tested whether activation of Akt by RasGAP is mediated through ILK. For that purpose we co-expressed RasGAP with a dominant negative ILK (ILK211A) in the cardiac cells. This mutant has a substitution of Arg-211 to Ala in the PH domain and was shown to completely inhibit basal levels and serum-stimulated Akt Ser-473 phosphorylation (19) . The results of this experiment show that ILK211A completely inhibited RasGAP-induced Akt activation (Fig. 4A) . In contrast, overexpression of wild type (wt) ILK increased Akt activity by ϳ4ϫ at 5 m.o.i. (Fig. 4B) . However, co-delivery of nGAP and ILK did not result in any further enhancement of activity of the kinase. This might imply that they both employ the same mechanism or pathway to activate Akt and that it is limited by their combined concentration. Overall, the data suggest that RasGAP facilitates phosphorylation of Ser-473 through an ILK-dependent mechanism.
RasGAP Protects Cells against Apoptosis via an Akt-dependent Mechanism-Because
Akt is well established for its antiapoptotic function, we questioned whether nGAP had the capacity to confer an Akt-dependent anti-apoptotic effect in cardiac myocytes. The results show that overexpression of nGAP, but not the control ␤-galactosidase virus, reduced staurosporin-induced apoptosis by 80 Ϯ 12% after 2 h of its application as measured by DNA fragmentation using the TUNEL assay (Fig. 5A) . In Fig. 5A the cardiac myocytes are also labeled with anti-myosin heavy chain antibody (red) to establish the cell type. Next, to confirm these results, we tested the integrity of the mitochondria under the same conditions. By using a mitochondrial sensor "Mitosensor," we found that the protective effect of nGAP also preserved mitochondrial integrity, as demonstrated by the predominance of red florescent aggregates in healthy mitochondria versus green florescence in the cytoplasm (Fig. 5B) .
To determine the extent of the protective effect of nGAP and its dependence on Akt, we performed a time course for staurosporin treatment in the absence or presence of nGAP with or without co-expression of a dominant negative Akt mutant (dnAkt). The results show that nGAP was almost completely 1, 3) or phosphorylated (lanes 2, 4) , His-tagged Akt was incubated with nGAP-GST (lanes 1, 2) , or GST (lanes 3, 4) . Recombinant His-tagged nGAP (lanes 5, 6) was incubated with GST-tagged PH domain of Akt (lane 5) or GST (lane 6). Next, agarose-linked antihistidine was used to precipitate the resultant protein complexes, which were then analyzed by Western blotting (WB) using anti-RasGAP (upper panel), antiAkt (middle panel), or anti-GST (lower panel). B, cultured cardiac myocytes were serum-starved for 24 h and then stimulated with 10% fetal bovine serum (FBS) for 20 min before lysis. The cell lysate was incubated with anti-C terminus RasGAP and the resultant immune complex precipitated using protein A/G-agarose and analyzed by Western blotting using antiRasGAP, anti-Akt, or anti-␤-spectrin as indicated.
FIG. 1. RasGAP interacts with the PH domain of Akt. A, recombinant unphosphorylated (lanes
protective within 1 h of staurosporine treatment but only partially effective after longer incubation periods (Fig. 5C ). The presence of dnAKT completely inhibited its anti-apoptotic effect. DnAkt had no effect on cell viability by itself under those conditions. We observed, though, a slight increase in apoptosis when both nGAP and dnAkt were added to the cells. This could be explained by the accumulation of apoptotic cleavage products of nGAP, which are generated after prolonged or severe apoptotic insults as previously reported (2) . The data suggest that the anti-apoptotic effects of RasGAP may be mediated via its activation of Akt and are limited to mild or transient apoptotic insults.
RasGAP Is Required for Serum-induced Akt Activation-The data of Yang and Widmann (17) suggest that during apoptosis RasGAP is cleaved and that the N-terminal region including the SH2-SH3 domains activates Akt. Our data are in agreement; in addition, we discovered a physical association between the two molecules. However, in both cases the activation of Akt is observed in experiments in which exogenous nGAP is delivered and overexpressed, thus obscuring its physiological relevance. Therefore, we questioned whether endogenous RasGAP plays a role in regulating Akt activity. To address this, we used RNA interference (RNAi) to knock down the expression of RasGAP in rat cardiac myocytes. For that purpose we designed a hairpin-forming sequence corresponding to bp 2315-2336 of the rat cDNA that was cloned downstream of the U6 polymerase III-dependent promoter and delivered to the cells via an adenovirus vector. This sequence has been previously used by Kunath et al. (20) to knock down RasGAP in a transgenic mouse model, which faithfully recapitulated the phenotype of the genomic knock-out. 48 h after delivery of this construct to cardiac myocytes, RasGAP protein, but not actin or filamin, was down-regulated in a specific and dose-dependent manner (Fig. 6A) . Vice versa, an RNAi against filamin (irrelevant to this study) down-regulated filamin but not RasGAP (Fig. 6B) . In addition, a mutant RasGAP shRNA failed to have any effect and was used as a control in subsequent experiments (see Fig. 8 ).
Because the established function of RasGAP is to stimulate the endogenous GTPase activity of Ras, we measured the effect of its knockdown on serum-stimulated Ras-GTP formation. As seen in Fig. 7 , reduction of RasGAP protein by RNAi resulted in accumulation of Ras-GTP compared with its typical disappearance within 60 min. Although the activity of Ras was thus prolonged by the absence of RasGAP, the Ser-473 phosphorylation of Akt was nearly completely abolished both in the cytosolic and membrane fractions (Fig. 8) . This was paralleled by a reduction in the phosphorylation of the downstream effector of Akt, ribosomal S6 protein. As seen, these effects accompanied RNAi-induced knockdown of RasGAP but not Akt expression (lower panels).
We also tested the effect of RasGAP depletion on other serum-stimulated signaling molecules, including p90RSK, Erk1/2, and eIF4E after 20 min or 24 h. This was achieved using a multiplex of antibodies for phospho-p90RSK (Ser-308), phospho-Akt (Ser-473), phospho-p44/42 mitogen-activated protein kinase (Thr-202/Tyr-204), phospho-S6 ribosomal protein (Ser-235/236), and eIF4E (PathScan Multiplex Western Mixture I; Cell Signaling), which allows detection of the activity of multiple signaling pathways on the same blot while avoiding variability that may result from stripping the membranes. As seen in Fig. 9 , RasGAP is necessary for Akt and S6, but not for p90RSK or Erk1/2, phosphorylation. However, we did observe a slight reduction of Erk1/2 phosphorylation (30 Ϯ 10%), which suggests that RasGAP may also play a partial indirect role in activating this kinase. We also noticed a consistent reduction in eIF4E protein in RasGAP-deficient cells. Whereas the expression of eIF4E is up-regulated by c-myc (21), RasGAP-associated endoribonuclease protein G3BP cleaves c-myc mRNA (22) . This function of G3BP requires its nuclear translocation. Therefore, in the absence of RasGAP, free G3BP may result in enhanced c-Myc mRNA degradation and, in turn, decreased eIF4E. In summary, RasGAP is specifically required for receptor-stimulated Akt phosphorylation in cardiac myocytes. The results also show that although RasGAP binds to the PH domain of Akt it has no effect on its membrane localization. 
DISCUSSION
Accumulating evidence suggests that RasGAP severs more functions than just the acceleration of the GTPase activity of Ras. These functions are most likely mediated by the N-terminal two-thirds of the molecule, which is rich in protein-proteininteracting domains. Our previous data show that RasGAP is preferentially an effector rather than a negative regulator of Ras functions in cardiac myocytes (3) . We also showed that the N-terminal region of RasGAP induces cardiac cell hypertrophy and RNA polymerase II phosphorylation (4). Likewise, Medema et al. (23) have shown that the SH2-SH3 domains of RasGAP can induce the c-fos promoter. Furthermore, antibodies against the SH3 blocked germinal vesicle breakdown (24), Cdc2 activation (25) , and cytoskeletal reorganization (6) induced by activated Ras. In addition, an anti-apoptotic function of RasGAP has been suggested, possibly through an Akt-dependent pathway (2, 26) . The phenotype of the knock-out mouse also supports a more intricate role of RasGAP (5), but the downstream effectors remain largely unknown.
Our results here show that RasGAP interacts with the PH domain of Akt. When RasGAP is overexpressed, it enhances phosphorylation and activity of Akt and protects the cells against apoptotic insults; when down-regulated it inhibits serum-induced stimulation of Akt. However, we have not demonstrated that the effect of RasGAP on Akt is a direct result of their interaction. Although we found that a PH domain deletion mutant of Akt that fails to interact with RasGAP also fails to respond to its activating effect, this construct differed from the wild type in its inability to localize to membranes (not shown), which might have been the primary reason for its irresponsiveness to nGAP. Thus, a more precise delineation of the interaction site that does not disrupt other functions is necessary to successfully address this issue. Nevertheless, it is difficult to perceive that interaction of RasGAP with Akt does not play a role in mediating its activating effect.
Although the PH domain is mainly known to confer interaction with phosphoinositides, it also associates with protein targets such as G ␤ ␥ subunits (27) , or in the case of the PH FIG. 5 . nGAP protects cardiac myocytes against staurosporininduced apoptosis. Cultured myocytes were infected with 10 m.o.i. of adenovirus delivering LacZ (left panels) or nGAP (right panels) in serum-free medium for 24 h. Cells were then treated or untreated with 1 g/ml of staurosporin (STS) for 2 h (lower panels). Next, cells were fixed with paraformaldehyde (A) or incubated live with the Mitosensor (B). Fixed cells were first incubated with anti-MF20 antibody for detection of myosin heavy chain in cardiac myocytes (red) before being subjected to the TUNEL assay (green). The cells were then imaged with an epifluorescence microscope using a ϫ40 objective and the images for the different fluorescent wavelengths collected separately and then merged. Cells treated with the Mitosensor were imaged live using a broad-range filter for simultaneous detection of the green and red fluorescence. C, cultured myocytes were infected with 10 m.o.i. of adenovirus delivering LacZ (ࡗ), dnAkt (f), nGAPϩLacZ (OE), or nGAPϩdnAkt (ϫ) in serum-free medium for 24 h. Before the cells were fixed for a TUNEL assay, they were treated with staurosporin (STS) for increasing periods (0 -4 h). A, a hairpin-forming olgionucleotide sequence homologous to bp 2315-2336 of the rat RasGAP cDNA was delivered to cultured myocytes via an adenovirus vector in increasing doses. 48 h later the cells were analyzed by Western blotting using anti-RasGAP, anti-actin, and anti-filamin as indicated. B, the same approach was applied using a muscle filaminspecific oligo to further determine the specificity of the RNAi. As shown, this oligo knocked down filamin but not RasGAP protein. domain of Akt, it has been shown to interact with protein kinase C isoforms (28) and Tcl1 (29, 30) . Similar to what we see with RasGAP, Tcl1 interacts with the PH domain of Akt and when overexpressed in 293T cells it enhances its activity and in vivo phosphorylation. We show that RasGAP mainly enhances phosphorylation of Ser-473, while Laine et al. (29) record Tcl1-induced phosphorylation of Thr-308 as well. In that study, phosphorylation of Akt is enhanced in vitro in the absence of any of its known phosphorylating kinases, suggesting that Tcl1 induces autophosphorylation of both sites. Although we show the effect of RasGAP is mediated by ILK, it remains to be tested whether it has the capacity to induce autophosphorylation as well. A plausible mechanism for the activating effect of Ras-GAP would be inducement of a conformational change through its binding to the PH domain, which facilitates phosphorylation of Ser-473 by ILK. Thus, although phosphoinositides might bind to the PH domain and mediate localization to the membrane, proteins such as Tcl1 and RasGAP, which bind the same domain, might be necessary for inducing the conformational change necessary for phosphorylation and activation of the kinase.
Some aspects of our results agree with those of Yang et al. (17) who also reported that nGAP activated Akt and exerted anti-apoptotic effects. In their study they show that nGAP protected the cells against the apoptotic effect of the C-terminal catalytic domain of RasGAP (which is cleaved off during apoptosis) and activated Akt and Ras, and its effect was inhibited by dominant negative Akt or Ras mutants, suggesting a Rasdependent mechanism for activating Akt. Although we also show that nGAP activated Akt and that its anti-apoptotic effect was inhibited by dnAkt, we were unable to detect Ras activation (not shown). Also, we have discovered a physical association between RasGAP and Akt, which suggests a direct role of RasGAP in influencing Akt activity. Thus, the question that presented itself concerned the role of endogenous RasGAP in regulating Akt activity. If the effect of RasGAP is mediated through activation of Ras then its ablation, which is expected to increase active Ras-GTP formation, should subsequently enhance Akt activity. What our results show is that knock down of RasGAP expression by RNAi did indeed increase Ras-GTP formation but, on the other hand, abrogated serum-stimulated Akt phosphorylation. Thus it appears that, at least in cardiac myocytes, RasGAP is required for activation of Akt through a Ras-independent mechanism.
The level of increase in Akt activity that Yang et al. (17) record is similar to what we report in this study (ϳ2-3-fold) and is accompanied by phosphorylation of Ser-473. In the latter study there were no data on the measurement of Thr-308 phosphorylation, and we were unable to detect a significant increase in cardiac cells either. Although phosphorylation of both Thr-308 and Ser-473 is required for full activation of Akt, it has been previously shown that independent phosphorylation of these sites can result in its partial activation. Alessi et al. (31) demonstrated that a 473D or a 308D mutant of Akt had 5-fold higher constitutive activity relative to wild type. Similarly, our results show that phosphorylation of Ser-473 only, by RasGAP or serum, results in ϳ2.5ϫ activation of Akt. In our study, as well as that of Yang and Widmann (17) , this extent of activation of Akt was sufficient to protect the cells from programmed death. However, we show here that this protection was limited to a 1-2-h delay in the onset of apoptosis.
In conclusion, RasGAP physically associates with Akt and is necessary for its activation in a Ras-independent manner in cardiac myocytes though the exact mechanism remains to be elucidated.
